Abstract-Rolling element bearing is a well-known concept in macroscale machinery applications. They are prospective candidates for friction reduction in microelectromechanical system (MEMS), as well as for providing stable, robust support for moving micromechanisms. The characteristics of rolling element bearings need to be investigated to facilitate their applications in MEMS. It is well understood that the measured data on the macroscale cannot be directly applied to the microscale. This paper presents an in-situ noncontact experimental system to characterize the friction behavior of microball bearings on the microscale. The methodology presented in this paper provides a useful template to study the dynamical behavior of linear microball bearings with a variety of materials, geometries, and surface qualities. The system, actuated by a motor, affords wide ranges of motion for measuring the dynamic friction using a vision system. It allows the determination of the coefficient of friction (COF) without any interference due to the measurement system. With careful optimization, the error in measurement has been reduced to 2%. Different designs of microball bearings are proposed to achieve lower friction. The studied microball bearings demonstrated an average static COF of 0.01 and an average dynamic COF of 0.007 between stainless-steel and silicon-micromachined contacting surfaces at 27 C and 40% relative humidity.
I. INTRODUCTION

F
RICTION is inevitable in mechanisms where components in contact have relative motion. The effects of friction become increasingly significant as the system size shrinks. Therefore, friction becomes critical on the microscale and is one of the fundamental limitations in the design and implementation of reliable, efficient MEMS devices like micromotors, microgenerators, and microengines.
Since the advent of the first micromotors in the late 1980s [1] , [2] , various types of actuation mechanisms have been reported for micromachines. Although much work has been dedicated to MEMS reliability [3] - [6] , there remains insufficient understanding of friction, wear, and other reliability related phenomena in microelectromechanical devices. Several different bearing and support structures were demonstrated for use in micromachines based on two categories: contact-type and noncontact-type. Previous contact-type bearings, like center-pin bearing with sliding bushings as support in the early polysilicon surface-micromachined micromotors [7] , [8] suffered drastically from friction and wear. The friction and wear problems were less in wobble [9] and conical [10] micromotors, however, with a downfall in rotation speed. Noncontact-type bearings with more complicated support mechanisms like electrostatic [11] and pressurized air [12] levitation schemes have also been investigated. They show much less friction and almost no wear compared to contact-type bearings, with two major drawbacks: fabrication complexity and rotor instability. Among the contact-type bearings, ball bearing seems promising for future micromachinery applications due to the fact that 1) the bearing mechanism is relatively simple, 2) the rolling motion of the balls exhibits much less friction than sliding motion of other contact-type bearings, and 3) the balls provide a stable and robust support for the rotor. Linear microball bearings may be used in applications such as precision, long-range micropositioners for optical alignment or storage devices. Rotary microball bearings have applications in high-power microturbomachines such as micromotors, micropumps, microcoolers, microcompressors, and electrical power microgenerators. However, the behavior of ball bearings on the microscale needs to be investigated and characterized in order to utilize the microball bearings as an enabling tool in MEMS.
A linear microball bearing structure was proposed by Ghodssi et al. [13] to alleviate the effects of friction. Here, the gap between two moving and stationary plates was maintained by aligned silicon-micromachined V-grooves and stainless-steel microballs. Ghodssi tilted the plates to cause the onset of motion due to gravity. This was used to characterize the friction behavior of the bearings. Only the static coefficient of friction (COF) could be studied by this method. The static COF between silicon V-groove walls and stainless-steel microballs was reported as low as 0.056 (without load). In order to facilitate applications in MEMS, the whole friction characteristics (both static and dynamic) must be investigated.
Several approaches have been proposed to study the friction on the nano-and microscale including atomic force and friction force microscopes (AFM and FFM) [14] - [21] , non-AFM/FFM methods [22] - [28] , and in-situ direct measurement using micromachined structures [29] - [33] . It is well understood 0018-9456/04$20.00 © 2004 IEEE that frictional behavior and appropriate models to describe this behavior are intimately linked to time and length scales, which have been categorized in five hierarchy levels: quantum, atomic, microstructural, continuum, and engineering design models [34] . As the referenced literature suggests, there has been a significant amount of experimental approaches for investigation of friction in short and long length-time scale levels. However, measurements taken on the nanoscale do not translate into reliable friction information on the microscale. Most MEMS applications lie in microstructural level where further research on modeling and experimental techniques is needed. In addition, almost all of the above mentioned methods were designated to study sliding friction, not rolling friction.
In this paper, we designed and built an in-situ, noncontact measurement system to characterize the dynamic friction of linear microball bearings. The measurement system is based on the measurement of displacement. There are number of methods for displacement sensing in MEMS, such as optical techniques and laser interferometry [35] , [36] and capacitive sensing methods [37] . An alternative method is to measure the acceleration directly using an accelerometer. However, our choice of the measurement method was based on the following considerations: 1) most optical equipment and laser interferometers are expensive, 2) range of displacement in MEMS integrated displacement sensors like capacitive sensors is limited, 3) additional fabrication steps in preparing the test samples should be avoided as much as possible, 4) test setup should not interfere with the motion, and 5) flexibility and expandability of the measurement system are important. The frictional behavior of microball bearings has been successfully explored using the proposed system. We also demonstrated relatively low static and dynamic friction of a microball bearing design. The collected data can provide a basis for design and use of microball bearings in MEMS devices and systems.
II. MICROBALL BEARINGS
A schematic view of a linear microball bearing is shown in Fig. 1 . Parallel V-grooves are etched on only one side of two identical silicon plates (10 mm 10 mm 500 m) from a (100) silicon wafer. Equal numbers of precision microballs (Thomson Precision, Bristol, CT) are placed in each V-groove of the bottom plate (stator). The V-grooves of the top plate (slider) are aligned to those of the stator where they rest on the microballs. Only the walls of the V-grooves on both plates are in contact with the microballs.
The microballs in this study are made of stainless steel 440 C with a diameter of 285 m and a grade of 10 (see Table I for grade ten specifications). However, microballs as small as 150 m in diameter and as precise as grade 3 are available off-the-shelf. The 285-m microballs are big enough to be handled by a tweezers, but still small enough to exhibit the microscale behavior of friction. Furthermore, the dimensions of the V-grooves (300 m in width and 150 m in depth) and the diameter of the microballs is chosen to maintain a 70-m gap between the slider and the stator, as shown in Fig. 2 . The walls of the V-grooves have an angle of 54.7 with the bottom surface due to the crystal orientation of (100) and (111) planes in the silicon wafer.
A silicon micromachining process [38] was developed and implemented to achieve the critical dimensions of the silicon V-grooves. The slider and the stator were fabricated from a silicon wafer with a 3000 low-stress silicon nitride layer on both sides. The wafer was cleaned using standard RCA procedure. The V-groove etch mask was then patterned using a standard photolithography process with a contact mask aligner. No alignment marks were etched before patterning the etch mask, instead the V-groove patterns on the optical mask were carefully aligned parallel to the flat of the wafer. A plasma etch with tetrafluoromethane gas was then used to etch the silicon nitride layer to form the V-groove etch mask. The wafer was immersed into a 1: 10 HF solution for 30 s to remove the native oxide from the exposed silicon surfaces. Finally, the wafer was put into a 45% (by weight) potassium hydroxide (KOH) solution at 60 C for 9 h (without agitation). The etching apparatus sits inside a temperature-controlled bath with a reflux condenser to keep the concentration of the KOH solution constant. The average etch rate is about 16.7 m/h. The measured depth of the V-groove is 150 m.
III. EXPERIMENTAL SYSTEM
When the stator oscillates in the direction parallel to the V-grooves, the microballs roll along the V-groove due to the friction at the contact points between the balls and the V-groove walls of the stator. Once the microballs move, the friction at contact points between the balls and the V-groove walls of the slider will introduce a force on the slider and cause it to have a velocity ; and acceleration . The COF is simply the ratio of the tangential force and the normal force applied at the contact point between the microballs and the V-groove walls. The tangential force is proportional to and the normal force is proportional to , where is the acceleration due to gravity, and is the angle between (100) and (111) planes in crystalline silicon equal to 54.7 . Therefore, if the acceleration of the slider can be measured, then , the instantaneous COF of the stainless steel/silicon surface will be (1) An experimental system consisting of an actuation mechanism and a vision subsystem is designed and realized to generate the linear oscillation of the microball bearing and to measure the acceleration of the slider. The schematic diagram of the system is shown in Fig. 3 . The actual built setup is shown in Figs. 4 and 5. It consists of a servomotor, linkages, a sliding platform, smooth rails, a CCD camera, and a linear microball bearing.
A "crank and slider" mechanism, as seen in Fig. 4 , is applied to accomplish the oscillatory motion. A 14 14 1 cm platform is attached to four Thomson Super Ball Bushing open pillow blocks to enforce a smooth oscillatory motion. These blocks are installed on two 1.27 30.48 cm sliding rails. The rails are positioned parallel to each other so that the platform and pillow blocks assembly can slide smoothly along the rails. The platform is connected to a 30 1.9 0.96 cm aluminum bar (linkage 2). This is, in turn, connected to a 20-cm aluminum extrusion bar (linkage 1) using a small 3.1 4.1 1 cm aluminum block. The block can slide along the slot on the extrusion bar. By changing the position of the small block on the extrusion bar one can vary , the length of linkage 1. The middle of the aluminum extrusion bar is fixed to the shaft of a dc servomotor. The motor used in this system is a SmartMotor SM2310 servomotor (Animatics Corporation, Santa Clara, CA). The motor is integrated with a PID controller. The speed, acceleration, and displacement can all be controlled from a PC-based software such as SMI (Animatics, Santa Clara, CA) or LabVIEW (National Instruments, Austin, TX). A 25-cm diameter steel plate with a thickness of 0.5 cm is attached under the aluminum extrusion bar to increase the rotation inertia of the linkage mechanism. This is done to smooth out the motion jitters due to the interaction of the control system with the friction inside the motor and the friction inside the pillow blocks. The motor combined with the linkages causes the platform to undergo a smooth linear oscillatory motion along the precisely machined rails. The stator is attached to the top surface of the sliding platform by clamps on all four edges.
A Vision 1400 system (National Instruments, Austin, TX) is used for image recording and processing in this experiment. The system includes a JAI CV-M50 CCD camera, a PCI-1408 frame grabber, and IMAQ Vision Builder software. The camera has a maximum 640 480 dpi resolution and 30 frames/second image capture capability. The images captured by the camera are processed by the frame grabber and are stored in a personal computer. The IMAQ Vision Builder controls the camera functions, handles the post-processing of the captured images, and performs the measurement of the positions for both the slider and the stator. The camera is installed vertically 20-cm above the oscillating platform, as shown in Fig. 5 , to minimize the measurement error. Two halogen illuminators are used as light-enhancing sources.
The camera is used to record the positions of both the slider and the stator over time to determine their velocities and accelerations. The data are then filtered to provide smooth velocity and acceleration time histories. The instantaneous COF is computed from (1) after deriving the acceleration of the slider.
IV. SYSTEM OPTIMIZATION
There are several sources of error in the measurement system such as blur, jitter, noise, and lens aberration. It is necessary to optimize the measurement system so that these errors can be reduced to a minimum and the measured results are reliable. Before all the adjustment and optimization, a metric is needed to evaluate the reduction in error quantitatively. The errors are quantified by a tracking mark on either the slider or the stator, as shown in Fig. 6 . The width of the mark is . The distance from either edge of the mark to a reference point (or line) determines the absolute position of the slider (or stator).
The width is constant over time. However, due to blurs, jitters, and other errors, the observed varies with the position of the slider (or stator). Let the distance between the reference to the left edge in Fig. 6 be , and the distance to the right edge be . If positions of the slider (or stator) are recorded during a specific time interval, the average width between these two edges is (2) The error of the width at is
The deviation will be
Therefore, the position error is
Assume the tracking mark shifts to the right at . The distance between the reference to the left edge at is , and the distance to the right edge is . Let the time difference between and be (seconds), and let the shutter speed of the camera be (seconds). The velocity of the slider (or stator) at will be
The maximum measured velocity is (7) whereas the minimum velocity is
The average velocity difference is (9) The error of the velocity at is
The deviation will be (11) and, therefore, the velocity error is (12) The maximum and the minimum acceleration of the slider (or stator) can be expressed as (13) and (14) The average acceleration difference is (15) The error of the acceleration at is (16) The deviation will be (17) and, therefore, the acceleration error is (18) The position error in (5) will be utilized as an indicator to evaluate the measurement error during the optimization process. The acceleration error in (18) will be the error in the COF results since the COF is derived from the acceleration of the slider in (1) .
Several techniques have been applied to reduce the measurement error. The first one is the tracking mark on the slider/stator and the position detection technique. The original tracking mark TABLE II  OPTIMIZATION OF POSITION ERROR was " " shaped and the positions of the slider/stator were defined by detecting one single point on the edge of the " " mark, as shown in Fig. 7(a) . The measurement error is around 30%, as seen in the first condition in Table II . The " " mark was replaced by the " " mark. The positions of slider/stator are now defined by the central spot of the " ," which are detected by using a "pattern matching" function in IMAQ [ Fig. 7(b) ]. Since the "pattern matching" function needs to compare multipoints of the " " mark to define its center, the results of the position detection is improved and the measurement error is now 4.5% to 4.9% in the second condition in Table II. In each image captured by the CCD camera, there is a region between the black mark and the white background that the light intensity raises gradually from its (black) low value to its (white) high value. This "gray" region makes the edge of the mark blur and, therefore, introduces errors into the position detection. By tuning down the diaphragm of the camera and applying enhanced lighting on the mark, the contrast between black and white can be improved. The blur at the edge of the mark is reduced and so is the measurement error. This is shown in the third condition of Table II. The error is 3.6% to 4.1% combined with applications of the " " mark and the extra light.
Due to the nonplanar shape of the lens itself, the image has more distortion when it moves away from the center of the lens. This can be observed in Fig. 8(a) . The straight lines, away from the center of the image, have more curvature than those near the center. The "grid calibration" function in IMAQ Vision Builder is developed to deal with this kind of error due to optics. Fig. 8(b) shows the calibrated result. It can be seen that all the grid lines are straight, no matter how far they are from the center of the image. The measurement error is 2.6% to 3.6% in the fourth condition in Table II. The CCD camera is capable of capturing at most 30 images/second. Any signal with a frequency higher than 30 Hz in the measurement data is unrelated to the real position of the mark and should be filtered out. A third-order filter is designed and tested by using the filter design and analysis tool in MATLAB software. The results are shown in the fifth condition in Table II . By applying the " " mark, the extra light, the software calibration, and the third-order filter, the measurement error has been dramatically reduced to a range of 2.0% to 2.6%, while the original measurement error was around 30%.
V. EXPERIMENT RESULTS
Two different designs of the microball bearing are studied using the experiment system described above. The first design has continuous V-grooves, which are 10 mm in length, on both the slider and the stator plates. A schematic top view of one of the plates is shown in Fig. 9(a) . The mass of the slider is 0.4 g. A total of 18 microballs are positioned separately in each V-groove. The second design has longer V-grooves, 28 mm in length, on the stator [ Fig. 9(b) ], while each V-groove on the slider has two segments that are 13 mm in length, as shown in Fig. 9(c) . There is a 13-mm space between the two segments. Two microballs are positioned in each V-groove in the stator (so one per groove in the slider) and are separated by the space in the slider. The mass of the slider is 0.9 g. The microballs are positioned equidistant away from the end-walls of the V-grooves and the stroke of the oscillating platform is shortened to ensure there is no collision either between microballs themselves or between the microballs and the end-walls of the V-grooves during the experiment. All measurements are performed in steady room environment at a temperature of 27 C and a relative humidity of 40%RH. Fig. 10 shows the COF versus relative velocity (the velocity difference between the slider and the stator) for the first design of microball bearings at two motor speeds, 90 and 120 rpm. The static COF (the COF when relative velocity ) is 0.1 and the dynamic COF ranges from 0 to 0.6. Since only the microballs are in contact with the slider, the scattered data of dynamic COF are suspected to be due to the collisions either between microballs themselves or between the microballs and the end-walls of the V-grooves. Furthermore, the existing moisture in the measurement environment can alter the silicon surface chemistry and morphology during operation and contribute to the scattered data of the dynamic COF. Fig. 11 shows the COF result for the second design of microball bearings at two motor speeds, 90 and 120 rpm. The static COF is 0.01 and the dynamic COF ranges from 0.006 to 0.01. Compared to the first microball bearing (multiple balls in one short V-groove), the new microball bearing (single ball in each long V-groove) exhibits only one tenth of both static and dynamic COF. The microball bearing has substantial improvement in frictional behavior provided collisions between microballs themselves or between the microballs and the end-walls of the V-grooves are eliminated. There is still a scattered data observed in the dynamic COF, which is attributed to the presence of moisture in the test environment. It is well known that there is a substantial correlation between the surface roughness of interacting surfaces and the COF. The surface roughness of the microballs according to Table I is less than 25 nm. The surface roughness of the V-groove walls was measured using a high-magnification optical microscope equipped with interference differential contrast analyzer (which allows visualizing surface morphology), a 620 focused-ion beam system (FEI, Hillsboro, OR), and a Wyko NT1100 optical profiler (Veeco Instruments, Woodbury, NY). The local average surface roughness was found to be less than 50 nm. However, shallow pits as deep as 200 nm and hillock as big as a few micrometers were observed on the surface of the wall. We believe that the frictional behavior of the test samples will most probably be dominated by the hillocks in this case, although more investigation is needed to understand the influence of the surface roughness on the measured COF. In addition, the method introduced in this paper is applicable to a wide variety of microball bearings regardless of the surface roughness.
VI. EFFECT OF LOADING
Different weights are added on top of the slider to study the effect of the normal load on COF. The COF is measured with motor speed at 120 rpm. Three measurements are made at each weight and the results are averaged. Fig. 12 shows the measurement results. The static COF at no load (0 g) is 0.01 and the dynamic COF is 0.007. A rapid jump in COF is observed with 1 g load, where the static COF becomes 0.05 and the dynamic COF becomes 0.03. Afterward, the static COF slightly increases from 0.05 (1 g) to 0.07 (40 g) and the dynamic COF increases from 0.03 (1 g) to 0.045 (40 g). It is suggested that the low COF at no load is due to flatness imperfections. Not all microballs are in contact with the slider and the stator. A small amount of load can bend the slider or the stator slightly, bringing more balls into contact. This can change the COF.
VII. CONCLUSION
This paper presents an in-situ noncontact experimental system to examine the frictional characteristics of microball bearings. This is the first experimental approach proposed to study rolling friction dynamics on the microscale. The system provides controllable motion, with position and velocity to within 2% of desired that is difficult to achieve using MEMS actuators. In addition, a vision system is used that allows the determination of microball bearing COF without any external force interference. The methodology presented in this paper provides a useful template to study the dynamical behavior of linear microball bearings with variety of materials, geometries, and surface qualities.
The effect of collisions between microballs themselves or between the microballs and the end-walls of the V-grooves are studied by using two different designs of microball bearings. It is shown that the collisions increase the friction of the microball bearing. The average static COF for the microball bearing (without collisions) is 0.01 (no load) to 0.07 (40 g), and the dynamic COF is 0.007 (no load) to 0.045 (40 g). Compared to the measured COF for silicon, which ranges from 0.01 to 0.08 [22] - [25] (without weight), the microball bearing has demonstrated its low friction characteristics and is expected to have wide applications in low friction MEMS.
We have demonstrated that it is possible to measure dynamic friction behavior by observing and filtering the forced motion of a slider and a stator through a noncontact vision system. The current measurement system can be further optimized to improve the utility of this experiment in the future. The range of experimental results is basically limited by two factors: 1) the speed and resolution of the camera and 2) the speed and smoothness of the applied motion. Hence, there is tremendous room for improvement: camera speeds go up to thousands of Hertz; the vision resolution is, at the end, limited by available optics which is limited by the wavelength of light. Careful engineering design could lead to macro or micro sliding platforms that operate smoothly at much higher frequencies.
